1) Introduction 26
Alternative fuels have a central contribution towards compliance with future emission legislations. Attributed 27 mainly to its low carbon content and abundance reserves, methane can be classified as one of the most 28 promising alternative fuels. Historically, the slow burning velocity of methane has been a major concern for its 29 utilisation in real energy efficient combustion applications. As emphasized in literature on experimental studies in 30 SI engines [1, 2] , the addition of gasoline to methane (Methane-gasoline dual fuelling) has the potential to improve 31 methane's combustion, leading to an enhanced initial establishment of burning velocity even compared to that of 32 gasoline. 
38
Substantial efforts have been devoted for improving the understanding on methane as well as gasoline 39 combustion. Typical refinery gasoline consists of hundreds of hydrocarbons. Iso-octane as well as binary blends 40 of primary reference fuels have been widely adopted as convenient gasoline surrogates. Studies reporting values 41 of laminar flame velocities at elevated pressures have been conducted for gasoline [4, 5] and its surrogates 42 [5, 6, 7, 8] as well as methane [9,10,11]. In all the above studies the reported laminar flame velocity of methane is 43 consistently lower compared to that of gasoline and its surrogates when tested at similar conditions. The stretch 44 sensitivity of iso-octane and methane air mixtures characterised by the Markstein length has been also reported 45 in literature [6, 9, 10] . A part of the study of Gu et al. [9] compared the Markstein length of iso-octane and methane 46 air mixtures at stoichiometric and lean conditions. As emphasized, these two fuels responded to flame stretch 47 differently, both with respect to equivalence ratio as well as pressure. 
54
The flame stretch sensitivity characterised by the Markstein length is mainly governed by the thermo-diffusive 55 properties, the so-called Lewis number effect [14] [15] [16] . The Lewis number is defined as the ratio of thermal to 56 mass diffusivity of the combustible mixture. It has been reported in literature that the phasing of 5%, 10% and 57 50% mass fraction burned in an SI engine is linearly linked to the Lewis number and therefore to the Markstein 58 Length [12, 17] of the fuel-air mixture. It has been also reported by the same research group that the burning rate 59 of high stretch sensitive fuels such as iso-octane, slow down when high levels of flame stretch is induced on the 60 flame through an increase of engine speed [18] . In the particular studies [12, 17, 18] , the considered fuel-air 61 mixtures in the SI engine were examined at different equivalence ratios to present similar laminar flame velocities 62 at ignition timing, and therefore allow for the effect of the fuel's stretch sensitivity on the burning velocity to be 63 investigated. Methane being the least sensitive fuel has shown the fastest combustion, in contrast to iso-octane 64 being the most stretch sensitive fuel shown the slowest. The interactions of burning velocity with flame stretch in 65 SI engines have been also investigated by the study of Aleifraris et al [19] . The study reports that fuels with low 66 stretch sensitivity have the tendency to produce faster burning velocities in the early stages of combustion.
67
A comprehensive understanding of these two fundamental mixture parameters, laminar flame velocity and 68 Markstein length, is essential for the development of energy efficient combustion applications. The laminar flame 69 velocity and Markstein length of a methane-gasoline dual fuel blend needs further investigation. It is the aim of 70 this study to experimentally investigate the relationship between laminar flame velocity and Markstein length, with 71 the ratio of gas to liquid in a dual fuel blend. In the current experimental work a binary blend of primary reference 72 fuels commonly known as PRF95 (95%volliq of iso-octane and 5%volliq n-heptane) was used as the liquid fuel.
73
Methane was used as the gaseous fuel. Values of stoichiometric laminar flame velocities and Markstein lengths 74 are measured at pressures of 2.5, 5, 10 Bar and a temperature of 373 K.
75
76 2) Experimental Technique 77
2.1) System Integration

78
A 100mm inner diameter cylindrical combustion vessel with a volume of 2.2L was employed for the experimental 79 study. The experimental setup is illustrated in Figure 1 . Optical access was possible through two opposing 80 80mm circular windows attached near the side of the vessel. The entire vessel was preheated uniformly by a set 81 of electrical heating elements totaling 3.2-kW. One of the heaters was fully inserted inside the vessel to induce a 82 transient temperature difference only during the filling process. The temperature difference evoked natural 83 convection to stir the mixture enhancing the mixing of fuel and air. Similar technique has been used by 84 Jerzembeck et al. [5] . The interior air temperature was controlled within 3 K using a closed-loop feedback 85 controller set to 373K. The temperature could also be observed manually from a second temperature sensor 86 mounted on the top of the vessel. The pressure rise during the combustion process was obtained using a Kistler 87 6113B pressure transducer. The mixture was ignited using a slightly modified standard ignition plug with 88 extended electrodes of 1.35 mm in diameter. The ignition system generated a spark with duration of 0.7 ms. For 89 safety reasons, a 6 MPa pressure release valve was installed on the combustion vessel. Schlieren photography arranged in a Z configuration. A 245W halogen lamp was used as the light source. The 94 light was focused onto a slit using a focusing lens in order to generate the spotlight for the Schlieren technique.
95
Passing through a group of mirrors, the light path was then cut by a knife-edge which is essential for the 96 Schlieren method [4] . Two different high speed cameras have been used for the current experimental work. A 97 Photron Fastcam SA5 was used for the experimental work at a pressure of 5 Bar, instead of a Photron Fastcam 98 SA-X2 that was used at 2.5 and 10 Bar. The high speed cameras were synchronized with the spark timing and 99 the interior pressure rise recording. 100
2.2) Dual Fuel Mixture Preparation
101
As the liquid fuel, PRF95 (95%volliq iso-octane and 5%volliq n-heptane) was used. High purity (99.9%) methane 102 was used as the gaseous fuel. The dual fuel blends consist of methane and PRF95 in three different energy 103 ratios (25%, 50%, 75%). A blend with 25% of its energy contributing from methane as defined in Eq. 1 was 104 labelled as DF25, with 50% DF50, and for 75% DF75.
105
The air to fuel ratio was set to stoichiometric throughout the study for all investigated conditions. The 106 stoichiometric air to fuel ratio was calculated using the method of chemical balance and assuming products of 107 
109
In every experimental condition, the air to fuel ratio was prepared inside the vessel using the partial pressure 110 method. Initially the vessel was heated up to the desired temperature (373 K). Whilst the heater mounted inside 111 the vessel was turned on, the liquid fuel was injected into the combustion vessel using a multi-hole gasoline 112 direct injector with an injection pressure of 12 MPa. The targeted fuel mass was supplied inside the combustion 113 vessel by individual injections using pre-calibrated data. The pre-calibration process involves the determination of 114 the mass of liquid per single injection. After the injections were completed, two minutes were given to allow for 115 the complete evaporation of the liquid fuel. Considering the correct increase in pressure inside the vessel caused 116 by the evaporation of the liquid fuel compared to the thermodynamic ideal-gas law calculations, methane and 117 then air fed in slowly using a fine needle valve and a pressure transducer to control the filling process. The 118 technical air was heated by an external heater before flowing into the combustion vessel to better approximate an 119 isothermal filling process. After the filling process was completed the interior heater was turned off, and three 120 minutes of quiescence were given to minimize any flow structures and/or temperature stratifications inside the 121 vessel. The quiescence time also promotes the homogeneous mixing of fuel and air.
122
For each test condition, the described experimental procedure that allowed the evaluation of the fundamental 123 laminar flame velocity as well as burned gas Markstein length was carried out at a minimum of three times. The 124 average values are reported as well as error bars evaluated based on standard error. 
2.3) Flame Theory
223
Another set of raw images, this time at a pressure of 10 Bar is presented in Figure 5 . The morphology of the 224 flames at a randomly selected radius of about 10 mm can be observed for all the DF ratios. Flame stability at 10 225 Bar appears to be affected by the DF ratio. As can be clearly observed from Figure 5 the initial stages of flame evolution, methane has been found to have a larger flame radius as compared to iso-283 octane, and gradually as the flame develops, the flame radius of iso-octane to converge to the radius of methane.
In the current study, similar overall trends in flame evolution could be observed at a pressure of 2.5 and 10 Bar.
285
It has to be noted that at a pressure of 10 Bar the flame radius at the early stages of combustion was 286 considerable higher as the dual fuel ratio was increased.
287
The flame evolution of the different fuels at a pressure of 5 bar is complemented with plots of burning velocity 288 versus time and versus radius presented in the subplot shown in Figure 7 . To allow for the maximum amount of 289 data points to be presented especially in the initial period of the flame evolution, the burning velocity for each fuel 290 has been calculated using successive radius differences, and smoothed with a second order polynomial filter only 291 for the presentation purposes of Figure 7 . The burning velocity of all fuels is initially increasing attributed to the 292 effect of a decreasing stretch for a mixture of a positive Markstein length. PRF95 is found to give the largest 293 increase in speed whereas methane the lowest. From 0.83 to 1.83 ms after spark corresponding to a radius of 3 294 mm, methane is found to be faster than PRF95 although it was slower than all DFs. Initially, the fastest burning 295 fuel is DF50 whereas at about 2 ms after spark corresponding to 5mm in radius, the burning velocity of DF25 296 reaches and eventually crosses that of DF50. From a radius of 8 mm onwards, PRF95 and DF50 have 297 comparable burning velocities whereas the velocity of DF75 is lower.
298
As already discussed, methane has the largest flame radius at 0.83 ms after spark. It seems that methane 299 exhibits the fastest burning velocity only for radii below 2 mm where flames have not been analysed, as they 300 could not be clearly observed and therefore precisely tracked by the image processing code. 
311
The experimental study of Aleifraris et al. [19] reported the stretched burning velocity versus radius as acquired in 312 an SI engine during the early stages of combustion for stoichiometric methane, gasoline and iso-octane air 313 mixtures. The mass fraction burned versus time is also presented for the mentioned fuels for the whole 314 combustion process. It has been reported that up to a radius of 15 mm the burning velocity of methane is higher 315 than the velocity of gasoline and to a larger extend that of iso-octane. However, from a flame radius of about 10 316 mm and onwards the burning velocity of gasoline and iso-octane gradually converges to that of methane and 317 eventually becomes faster as can be concluded from the available plot of mass fraction burned versus time. As it 318 was acknowledge in the study [19] , the stretch rate experienced by the flames in the engine environment is 319 considerably higher than in constant volume laminar combustion experiments. Thus, the flame stretch sensitivity 320 is expected to have a greater influence on the burning velocity.
321
With the addition of methane to PRF95 is evident that flame evolution is altered. As the dual fuel ratio increases, 
3.3) Stretch Effects -Markstein Length 387
The influence of stretch rate on the burning velocity is characterised by the value of Markstein length (Lb). For all 388 the presented conditions in Figure 8 , as stretch rate increases Sb is reduced. Therefore, stretch rate has an 389 adverse effect on the burning velocity which is indicative of a positive Lb. On the other hand, a negative Lb 390 indicates the increase of Sb with stretch rate. Inspection of Figure 8 reveals that the difference in Sb between 391 methane and PRF95 increases as the stretch rate is reduced. That's attributed to the different values of Lb 392 between the two fuels. Up to a stretch rate of about 750 s -1 , DF50 has a higher Sb even compared to that of 393 PRF95.
394
The effects on Lb both with respect to the DF ratio as well as pressure are depicted in Figure 11 . 
402
Fuel effect on Lb: Considering the uncertainty of the experimental results, it has been found that as the DF ratio 403 increases, Lb is decreased following a fairly linear trend. The reduction of Lb with the increase in DF ratio is 404 consistent at each tested pressure. However, at a pressure of 2.5 Bar the absolute reduction in Lb is higher 405 (larger slope) than at 5 and 10 Bar where the reduction of Lb with DF ratio is similar. With a 25% increase in the 406 DF ratio, the value of Lb is linearly reduced by 0.1, 0.063 , 0.056 mm at pressure of 2.5 , 5 and 10 Bar 407 respectively. As percentages the above reductions correspond to 15%, 21%, and 32%, indicating that the burning 408 velocity becomes less sensitive to stretch as DF ratio increases. As pressure increases, the percentage 
414
Pressure effect on Lb: The value of Lb is not only affected by a change in fuel but is also affected by a change in 415 pressure. As pressure increases the value of Lb is reduced for all fuels as can be clearly observed in Figure 11 .
416
The reduction of Lb with pressure is following a non-linear trend. The absolute reduction of Lb from 2.5 to 5 Bar is 417 larger than from 5 to 10 Bar for all fuels. For the same increase in pressure, the percentage reduction in Lb is 418 larger with the increase of the DF ratio.
419
Available literature data are also presented in Figure 11 Fuel effects on Sb 0 : At a pressure of 2.5 and 5 Bar, the values of Sb 0 are converging for all dual fuel ratios with a 436 distinct difference from the values of methane. This behaviour is not evident at a pressure of 10 Bar. As an 437 overall trend, it appears that as DF ratio increases, the value of Sb 0 is decreased. The response is the same for 438 all the investigated pressures with the exception of DF75 blend at a pressure of 10 Bar. Following the slope of the 439 fitted lines, a 25% increase in the DF ratio, will decrease the value of Sb 0 by 0.12 , 0.11 , 0.1 m/s at pressure of 440 2.5 , 5 and 10 Bar respectively. As percentages these differences correspond to 4% at 2.5 Bar , 5% at 5 Bar, and 441 6.5% at 10 Bar.
442
Pressure effects on Sb 0 : As pressure increases the value of Sb 0 is decreased for all test fuels. For an increase in 443 pressure between 2.5 and 5Bar, the absolute reduction in Sb 0 is smaller as DF ratio is increased. At a pressure 444 of 5 and 10 Bar the slope of the fitted lines appears to be comparable. Therefore, for an increase in pressure 445 from 5 to 10 Bar, the absolute difference in Sb 0 is similar for all fuels apart from DF75. On average (evaluated 446 based on the difference of PRF95 and methane), the absolute reduction in Sb 0 from 2.5 to 5 Bar corresponds to 
472
Fuel effects on Su 0 : Considering the slope of the fitted lines as presented in Figure 14 , it can be concluded that 473 as the pressure increases, the percentage reduction in Su 0 is larger with the increase of the DF ratio. With a 25% 474 increase in the DF ratio, the value of Su 0 is reduced by 2%, 3% and 5% at pressure of 2.5, 5 and 10 Bar 475 respectively. These percentage differences are on average 2% lower as compared to those derived for Sb 0 , 476 attributed to the unequal expansion factors of each fuel.
477
Pressure effects on Su 0 : As is clearly presented in Figure 14 , with the increase of pressure, Su 0 is reduced .
478
However, the reduction of Su 0 is larger for an increase in pressure between 2.5 and 5Bar in comparison to an 479 increase in pressure from 5 to 10 Bar. The adverse effect of pressure on Su 0 is reduced as pressure is increased 480 for all fuels. For the methane flame, the percentage reduction in Su 0 is 2% and 5% higher than that of PRF95, 481 with an increase of the pressure from 2.5 to 5 Bar, and from 5 to 10Bar respectively. It can be concluded that the 
493
With the evaluation of both fundamental combustion parameters Lb and Su 0 , the mechanism behind the flame 494 evolution as discussed in section 3.1.2 can now be explained. At a pressure of 5 Bar, with a 25% increase in the 495 DF ratio, the values of Su 0 and Lb are reduced by 3% and 21% respectively. As already discussed, at the early 496 stages of combustion the flame radius is increased with DF ratio. It is clear that the mechanism behind this 497 phenomenon is attributed to the decrease of Lb as the dual fuel ratio is increased. As the flame develops and 498 flame radius is increasing, stretch rate is reduced. This implies that the effect of Lb on the flame velocity is 499 decaying. Therefore Su 0 will start to dominate the flame evolution. As a result, an increase in the DF ratio will 500 slow down the flame evolution. Indeed, the flame evolution of PRF95 becomes gradually faster than that of 501 methane as the combustion process progress. 502 503
4) Conclusions
504
The effects of methane addition to PRF95 on the fundamental combustion parameters, laminar flame velocity 505 (Su 0 ) and Markstein length (Lb), were experimentally investigated at a stoichiometric air to fuel ratio, different 506 pressures (2.5, 5, 10 Bar) and a constant temperature of 373 K. A Dual Fuel (DF) blend was formed by adding 507 methane to PRF95 in three different energy ratios 25%, 50% and 75%. Spherically expanding flames were used 508 to measure burning velocitys, from which the corresponding Lb and Su 0 were derived. Where applicable, values 509 obtained from this work were compared with reported data in literature. It appears that there is no prior work 510 reporting values of either Lb or Su 0 for different DF ratios at elevated pressures.
511
As far as Lb is concerned, It has been found that with a 25% increase in the DF ratio, the value of Lb is reduced 512 by 15% , 21% , 32% at a pressure of 2.5 , 5 and 10 Bar respectively. As pressure increases, Lb is reduced for all 513 fuels. The absolute reduction of Lb from 2.5 to 5 Bar is larger than from 5 to 10 Bar. For the same increase in 514 pressure, the percentage reduction in Lb is larger with the increase of the DF ratio. A satisfactory qualitative and 515 quantitate agreement with the appropriate values from literature was obtained.
516
As far as Su 0 is concerned, it has been found that with a 25% increase in the DF ratio, the value of Su 0 is reduced 517 by 2% , 3% and 5% at pressure of 2.5 , 5 and 10 Bar respectively. As pressure increases, Su 0 is reduced for all 518 fuels. For the same increase in pressure, the percentage reduction in Su 0 is larger with the increase of the DF 519 ratio. There is a maximum deviation of 15% between the values of Su 0 obtained in this work and those reported in 520 literature.
521
At the early stages of combustion, the flame evolution is found to be faster with the increase in the DF ratio, and 
